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Abstract
The laminar distribution of acetylcholine receptors in rat cingulate cortex and their localization to axons of neurons in the anterior thalamic nuclei (ATN) were evaluated with the muscarinic antagonist
[3H]propylbenzilylcholine mustard (PrBCM) in vitro. Specific binding of PrBCM in granular area 29 was heterogeneous, with a 57% variation from the highest binding in layer Ia to the lowest in layer II-III. In contrast, binding in area 24 was homogeneous, with only a 14% variation.
The heterogeneity of PrBCM binding almost exactly duplicated the distribution of termination of ATN afferents in layers I to IV of area 29c. Four experiments indicated that 50% of the excess binding in layers Ia and IV was due to axonal receptor sites. First, ATN lesions abolished 41% and 27% of total specific binding in layers Ia and IV, respectively. Second, an undefcut procedure that totally deafferented layers I to Va showed changes similar to those following ATN lesions, suggesting that other afferents to these layers may not have muscarinic receptors associated with them. Third, the sequence of losses in receptor binding and acetylcholinesterase (AChE) activity was evaluated 2, 3, 5, 9, and 14 days following ATN lesions. Since AChE was present in ATN axons, as evidenced by early postlesion losses, the correlation of both losses as well as previous analyses of axon degeneration in this cortex confirmed that these receptors were in axons. Fourth, binding peaks in layers Ia and IV remained in area 29c following destruction of virtually all neurons with the neurotoxin ibotenic acid. This is the first evidence that the activity of a major neocortical thalamic afferent may be regulated by axonal acetylcholine receptors. Lewis and Shute (1967) first suggested that the anterior thalamic nuclei (ATN) and cingulate cortex were components of the cholinergic limbic system based on the presence of acetylcholinesterase (AChE) activity. Since then various assays have been employed to demonstrate that cingulate cortex also contains acetylcholine (Jacobowitz and Goldberg, 1977; Hoover et al., 1978) , choline acetyltransferase (ChAT) activity (Johnston et al., 1981) , and both muscarinic and nicotinic acetylcholine receptors (Yamamura et al., 1974; Kuhar and Yamamura, 1976; Hunt and Schmidt, 1978; Kobayashi et al., 1978; Arimatsu et al., 1981; McKinney and Coyle, 1982) . However, only limited information is available which directly associates specific cingulate cortical connections and any molecular components of the cholinergic system. Two afferents to cingulate cortex have been implicated in cholinergic function. First, Lewis and Shute (1967) posed that the thalamocortical afferent might be cholinergic, because ablation of the anterior dorsal nucleus reduced cholinesterase activity in cingulate cortex. However, this notion has not been ' I would like to thank Drs. Lawrence Zoller, Mark Moss, and Douglas Rosene for their thought-provoking discussions, Eileen Hegarty for her assistance in preparing the histological material, and Kathleen Barry for her help with the photography. This research was supported by National Institutes of Health Grants NS 18745 and NS 16841.
confirmed, since no ChAT immunoreactivity has been observed in neurons of the anterior thalamus (Kimura et al., 1981) ; neither are these cells intensely reactive for AChE as would be required if they were cholinergic (Fibiger, 1982) , and ablations of the ATN fail to reduce ChAT activity in cingulate cortex (Sikes et al., 1983) . Second, the nucleus of the diagonal band of Broca (DBB) might be cholinergic, since these neurons are immunoreactive for ChAT (Kimura et al., 1981) , ablation of this nucleus reduces ChAT activity in cingulate cortex (Kamiya et al., 1981) , and they can be jointly labeled with AChE and retrogradely transported fluorescent tracers following injections of fluorescent dyes into posterior cingulate cortex (Big1 et al., 1982) .
The present study is a histological analysis of the laminar distribution of muscarinic acetylcholine receptors (AChR) using the atropine-sensitive binding of ["Hlpropylbenzilylcholine mustard (PrBCM) to anterior and posterior cingulate cortices in the ,rat in uitro. Anterior thalamic, undercut, and cortical neurotoxin ablations were made to evaluate whether some of these AChRs are located in axonal/presynaptic positions as has been suggested for muscarinic receptors in other regions of the nervous system (Aguilar et al., 1982; Zarbin et al., 1982) . The findings indicate that cingulate cortex has a novel cholinergic architecture in which the noncholinergic ATN afferents contain AChE activity and axonal AChRs, while the cholinergic DBB input has AChE and ChAT activity, but to which AChRs are postsynaptic. . 4, No. 9, Sept. 1984 and Miller, 1983 (Young et al., 1972; Burgen et al., 1974; Birdsall et al., 1979; Rotter et al., 1979a) and has been used for both light and electron microscopic localization of muscarinic AChRs in the cerebral cortex (Hiley and Burgen, 1974; Rotter et al., 1979a; Kuhar et al., 1981 : Vogt, 1983 There were two different patterns of PrBCM binding in cingulate cortex. In the first, or homogeneous, pattern, binding was relatively constant in each layer, as in areas 24a, 24b, and 29d. In the second, or heterogeneous, distribution, the binding was particularly dense in layers Ia and IV, less so in layers Ib to c and V to VI, and least in layer II-III, as in the granular retrosplenial areas 29a to c. Areas 24b and 29c were chosen for a detailed quantitative comparison of these two patterns. In Figure 1C it can be seen that in normal hemispheres (i.e., those without ablations) specific PrBCM binding (specific binding = total PrBCM binding minus that remaining after blockade with lo-' M atropine) in each of seven positions throughout area 24b was relatively constant. The mean number of grains f SE per 2500 grnz in all layers of area 24b was 67.7 +-3.3, and, while the number of grains in all layers of area 29c was similar (66.5 + 9.2), layers Ia and IV had much higher levels in binding. Thus, layer Ia had 116 f. 7.2, layer IV had 75 + 3.1, and layers Ib to III and V to VI had 54.9 + 1.7 grains/2500 pm". These means were based on six cases, but this distribution of AChR binding was observed in 53 normal hemispheres.
Materials and Methods

Vol
A photomicrograph of the laminar heterogeneity of binding in area 29c is presented in Figure 2 (NORMAL).
There was a striking similarity in the normal distribution of AChRs to that of anterior thalamic afferents in area 29c. Figure  3 presents the laminar distribution of degeneration in area 29c following an ablation of the ATN with the neurotoxin ibotenic acid. The degeneration was most pronounced in layer Ia, with lesser amounts in layers Ib to c and IV, and least in layers 11; III and V. Virtually no synapses are formed by these afferents in layer VI (Vogt et al., 1981) . Since transneuronal degeneration has been reported in instances where an afferent has extensive termination (Heimer and Kalil, 1978) , 3H-amino acid injections were also placed in the ATN. Although the laminae of termination in area 29c were essentially the same (Fig. 3) , there was an enhancement of the number of grains in layer Ia in comparison to those in other layers due to accumulation of the "Hamino acids in axon terminals.
Association of AChRs with afferent thalamic axons
Receptor binding analyses of area 29c following ATN, DBB, isolation, and cortical ablations were initiated after a postoperative survival period of 14 days. This time period was chosen because previous investigators have demonstrated large reductions in muscarinic antagonist binding 5 to 30 days postoperatively (Rotter et al., 1979b; Fisher et al., 1981) and because a time sequence study of the loss of PrBCM binding in cingulate cortex (uide infra) showed marked reductions after 2 weeks. Thalamic ablations. Unilateral ablation of the ATN reduced specific PrBCM binding in posterior cingulate cortex of the ablated hemisphere by 41% in layer Ia and by 27% in layer IV (Figs. 1C and 2, ATN LESION) , both of which were highly significant changes (p < 0.001). Binding was not changed in layers lb to III or Va and VI, which receive few, if any, thalamic afferents. However, there was a small and significant reduction in layer Vb that may not be explained by reduced thalamic input to this layer, since virtually no thalamic axons terminated ventral nuclei (Beckstead, 1979) . Anterior thalamic lesions did here. These changes were consistent in all cases that received not alter the pattern of binding in area 24 b (Fig. 1C) It was possible that afferents to area 29c, in addition to those from the ATN, had AChRs associated with them-for example, those from other nuclei in thalamus, hypothalamus, or midbrain or from telencephalic regions like the subiculum or anterior cingulate cortex. Therefore, a superficial layer isolation procedure was developed for complete removal of all extrinsic inputs to layers I to Va of area 29c (Fig. 4, A and B). To ensure that the white matter was completely separated from area 29c, a scalpel blade was passed 0.9 mm lateral to the midline at a 3-mm depth through area 29d such that layers Vb and VI of area 29c were cut. To assure that anterior cingulate and subicular afferents were also severed, coronally oriented knife cuts were made up to i.5 mm from the midline at 1.7 mm and 5.3 mm behind bregma. There was no apparent intrusion into layer Va in the five cases that were used for quantitative analysis, as indicated by gliosis limited to layer Vb and an almost normal level of PrBCM binding in layer Va following these lesions (Fig. 4C) .
In these undercut cases significant changes (p < 0.001) in PrBCM binding occurred in layers Ia and IV with reductions LESION in Vol. 4, No. 9, Sept. 1984 the opposite hemisphere.
of 33% and 18%, respectively. Small changes of 4 to 6% in other layers were associated with mean differences that were considered not significant (p > 0.01). Since total deafferentation via undercutting altered binding by a similar magnitude in layers Ia and IV that were produced by ATN lesions, it may be concluded that ATN afferents are the ones which account for much, but not all, of the heterogeneous distribution of AChR binding in area 29c. It was interesting to note that heterogeneous binding in area 29c (i.e., binding in layers Ia and IV above that in other layers) was not totally abolished by either thalamic (Fig. 1C) or undercut (Fig. 4C) lesions. In other words, residual binding in layers Ia and IV remained above binding levels in layers Ic, II-III, and Va, In the normal hemispheres of the 11 thalamic and undercut cases, binding in layers Ia, IV, and other layers (Ic, II-III, and Va) was 126 f 6.9, 81 f 3.7, and 58 f 2.2 grains/ 2500 pm', respectively. Following thalamic or undercut ablations the binding was reduced to 79 + 6.0, 63 + 4.4, and 56 + 2.2 in the same layers. Therefore, 37% of the total binding in layer Ia was abolished by these lesions, while 17% of the total binding above the other layers remained as residual heterogenous binding. In layer IV, 22% of the total specific PrBCM * h. x -_-a__.- binding was abolished by these ablations, while 9% was residual heterogeneous binding. Thus, 50% of the heterogeneous receptor binding in layers Ia and IV occurred on ATN afferents, while the other 50% was either postsynaptic to ATN and/or other extrinsic afferents or presynaptic on intrinsic neurons.
Postoperative sequence of AChR binding changes. An analysis of both AChR binding and AChE activity following ATN lesions was undertaken to determine if these changes occurred synchronously and whether they were directly associated with the process of degeneration of ATN afferents, as previously observed in light and electron microscopic studies. A series of 15 animals received histologically confirmed ATN lesions and survived 2, 3, 5, 9, or 14 days postoperatively. All brains were then assayed at the same time and in the same manner for both AChR binding and AChE activity.
Consistent and statistically significant changes in AChR binding occurred only in layers Ia and IV during the first 2 postoperative weeks. Figure 5 presents the percentage changes in AChR binding in the superficial layers I to IV of area '29c. In layer Ia a major change (i.e., changes greater than 10% were almost always associated with significantly different means, p < 0.001) occurred between days 2 and 3 which continued to increase monotonically for 2 weeks. The change in binding in layer IV occurred somewhat later (day 5) but essentially plateaued at this time for the remaining 2 weeks. The slower response in layer IV may have been due to the facts that there were fewer ATN axon terminals in layer IV (Fig. 3) and that they were quite small in diameter when compared to those in layer Ia (Vogt et al., 1981) .
Ibotenic acid ablation of area 29. An alternative approach to receptor localization with deafferentation ablations is destruction of neurons with the neurotoxin ibotenic acid (Schwartz et al., 1979; Kohler and Schwartz, 1983 ). This ablation procedure should leave afferent axons and their associated receptors intact, while abolishing receptor binding associated with dendrites and axons of local circuit neurons. Ablations of area 29c with this toxin result in large reductions in PrBCM binding in all layers; however, two peaks in binding remain in layers Ia and IV. The mean number of grains per 2500 pm2 in normal contralateral versus ibotenic acid-ablated hemispheres in four animals was as follows: layer Ia, 273 + 36.4 versus 130 + 9.3; Ic, 165 rf: 17.8 
Discussion
This study analyzed the distribution of muscarinic AChR binding in cingulate cortex and association of some of these receptors with afferents from the anterior thalamic nuclei. While previous studies of neocortex demonstrated a heterogeneous distribution of muscarinic AChRs, the variation in binding between layers was not as great as noted here in area 29c. Thus, Rotter et al. (1979a) reported a 24% difference in binding between layers VI and IV, while Wamsley et al. (1980) found a 39% difference between layers III and V. In contrast, area 29c had a 57% variation from the highest binding in layer Ia to the lowest in layer II-III. The striking heterogeneity of PrBCM binding in area 29c suggested that high binding in layers Ia and IV might be associated with axons from neurons in the ATN which are not present in other cortical areas. . Area 29c deafferentation preparation. A, Three knife cuts were used to isolate layers I to Va completely. B, Coronal section through* posterior cingnlate cortex with lesion site (hatched) and designation of laminar depths at which specific PrBCM binding was analyzed (C).
Axonal AChR localization.
Anterior thalamic afferents are among the most extensive inputs to posterior cingulate cortex in rodents and rabbit (Rose and Woolsey, 1948; Domesick, 1972; Vogt et al., 1981; Finch et al., 1984b) . The terminals of this input form asymmetric synapses (Vogt et al., 1981) and evoke excitatory activity in postsynaptic neurons (Finch et al., 1984a) . The presence of AChRs on ATN axons would provide a mechanism for modulating activity of thalamic afferents. There are now several lines of reasoning which support an axonal localization of these receptors. First, the time course of changes in binding correlate with morphological stages of axonal degeneration.
In layer Ia there is a dramatic change in binding between postoperative days 2 and 3, and this is the time when axon terminal degeneration is ultrastructurally apparent. Three to 5 days are required for degeneration to proceed to a point where degenerating preterminal axons are optimally impregnated with silver for light microscopy (Domesick, 1972; Vogt et al., 1981) . A second argument in favor of the binding being axonal is the close association of binding losses and reduction of AChE activity. Neurons in the ATN have the highest AChE activity in the thalamus (Parent and Butcher, 1976; Hoover et al., 1978) , and ablation of the ATN (in particular, the anterior dorsal division) abolishes most cholinesterase activity in layer IV (Lewis and Shute, 1967). The losses of both AChR binding and AChE activity in layer IV were closely associated, while changes in AChE activity in layer Ia were somewhat less pronounced in this study. An alternative view is that deafferentation lesions influence the density of postsynaptic receptors such that changes following ATN and undercut ablations are not indicative of an axonal localization.
Thus, degeneration of dendritic spines following deafferentation lesions has been demonstrated in a number of systems including thalamocortical input to visual cortex (Pinching and Powell, 1971; Ghetti and Wibniewski, 1972; Hattori and Fibiger, 1982 , 1977) . Since radical deafferentation of area 29c reduces binding of PrBCM to a similar extent in layers Ia and IV as did thalamic lesions, the ATN ablations appear to have accounted for most axonal AChRs. Second, although the axons of local circuit neurons may also have AChRs associated with them, they do not account for the binding peaks in layers Ia and IV. Peaks in these layers survive following neurotoxin lesions, even though the axons of intrinsic neurons have been destroyed. Third, terminals from the anterior dorsal and ventral, but not anterior medial, subdivisions of the thalamus are mainly responsible for axonal binding. Although the anterior medial nucleus projects to area 24 (Beckstead, 1979) , lesions which essentially destroy all ATN afferents to cingulate cortex fail to produce any changes in PrBCM binding in area 24.
Dendritic localization of AChRs. A large percentage of specific PrBCM binding is associated with dendritic AChRs. This is suggested by the stability in binding in layers Ib to c, II-III, and Va following undercut ablations and by the 50% reduction in binding in these same layers following ibotenic acid ablations. A large percentage of the remaining binding is probably associated with intracerebral vessels. Estrada et al. (1983) have estimated that almost 40% of muscarinic antagonist binding in bovine gray matter is associated with microvessels and capillaries. It should also be noted that not all of the heterogeneity in binding is associated with axonal receptors, since half of this heterogeneity remains following deafferentation lesions. In conclusion, the anterior dorsal and ventral nuclei of the thalamus and granular posterior cingulate cortex are unique components in the medial cholinergic system. Although many of the muscarinic AChRs have an axonal localization and the highest density of AChE activity occurs in the anterior thalamus, this afferent is not cholinergic.
Cingulate cortex provides an interesting configuration in its cholinergic architecture for studies of acetylcholine localization and function.
